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Abstract. The structural and subsidence history of the Neo-
gene Transylvanian basin is reviewed in order to analyse
its relation to the tectonic and erosional history of the sur-
rounding Carpathian mountains that has been defined by ap-
atite fission track data from previous studies. The main pro-
cesses studied are redistribution of mass by erosion, and tec-
tonic loading. A mass balance is calculated between ma-
terial eroded from the mountains and material deposited in
the sedimentary basin. The mass balance fits to within 20%
and confirms the restricted nature of the Transylvanian basin
from Late Badenian to Pannonian, and directly links the mass
transfer from the tectonically active mountains to the co-
evally subsiding basin. From Pliocene to recent both the
basin and the now tectonically inactive mountains have been
eroding leading to a change in the mass redistribution and
isostatic uplift of the basin.
Numerical flexural-isostatic 3-D modelling is used to
study the effect of loading and subsequent unloading of the
lithosphere as a consequence of the mass transfers by tec-
tonic and erosional processes. From Badenian to Pannon-
ian the combined load of the surrounding mountains and
the basin fill lead to a minimum of 2 km of basin subsi-
dence. During this period the Transylvanian basin can be
regarded as a retro foreland basin of the Carpathian moun-
tain belt. From Pliocene to recent the erosianal abrasion of
both the mountains and the basin lead to a isostatic uplift of
the basin surface between 300 and 500 m. The modelling
results fit well with apatite fission track constraints, the sub-
sidence history of the basin and field observations on struc-
tures and paleostress. The quantitative approach constrains
the processes that dominated the formation of the Transyl-
vanian basin since the Late Badenian and explain its present
day enigmatic relative high altitude of 400 m above sealevel.
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1 Introduction
The tectonic origin of the Transylvanian Basin in Romania is
ill-defined. Because of its coincidence in time and place with
the neighbouring Pannonian basin they have been tentatively
explained as sister basins, assuming similar tectonic histories
for both basins. The Pannonian and Transylvanian basin are
both molasse basins situated in the interior of the Carpathian
orocline (Fig. 1). They subsided simultaneously during the
Mid- and Late Miocene and have a similar biostratigraphy
as part of the Central Paratethys system (Steininger et al.,
1988).
However a closer look at the main features of the
Pannonian- and Transylvanian basin quickly learns that the
two basins are more different then alike. Contrary to the Pan-
nonian basin, the Transylvanian Basin has a low surface heat
flow, is situated on top of a moderately thick continental crust
(e.g. Horvath, 1993), lacks major extensional structures and
has a high present day mean surface elevation of 400 m above
sealevel. The Transylvanian basin therefore most likely has
a different tectonic origin compared to the Pannonian basin.
The Transylvanian basin is on all sides surrounded by
mountainous regions. The Carpathians on its north, east and
south side and the Apuseni mountains on its western side.
The present day Romanian Carpathian topographic moun-
tain belt originates from the Miocene (Sanders et al., 1999;
Sanders, 1998), although its tectonic history dates back to the
Cretaceous (e.g. Sandulescu, 1988; Ellouz and Roca, 1994).
The Romanian Carpathians form a fold-and-thrust belt which
has been thrusted over both the foreland and retro-foreland
since the Late Badenian (Stefanescu, 1976; Sanders et al.,
1999; Roure et al., 1993) (Fig. 2). It has been interpreted
as a doubly vergent critical wedge (e.g. Platt, 1986; Davis
et al., 1983; Willet et al., 1993) which remained tectonically
active until the Pliocene for most of its parts (Sanders et al.,
1999). Since the Pliocene it behaved as a tectonically inac-
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Fig. 1. Tectonic overview over the Alpine-Carpathian orocline (grey). Molasse basins (white) occupy the intra Carpathian region. Dark
grey areas represent allochtonous material with respect to the European foreland. Outline shows Fig. 5. Dashed line indicates outline
Transylvanian lithosphere block.
tive mountain belt which has been gradually destructed by
erosion (Sanders, 1998; Sanders et al., 1999). The Apuseni
mountains on the other hand, have a tectonically ambigu-
ous Neogene record (Huismans, 1999; Bleahu et al., 1981;
Sanders, 1998;). In this paper we will study the relationship
between the evolution of the Transylvanian Basin and its sur-
rounding mountain belts in both a qualitative and a quantita-
tive way.
2 The Transylvanian basin
The Transylvanian basin is a semi-circular basin of approxi-
mately 150 km wide and 200 km long (Fig. 1). It consists of
a mostly concordant series of molasse sediments deposited
from Mid Miocene to Pliocene (17–5 Ma) (e.g. Koch, 1900)
with a typical thickness of 2.5 km and a maximum thickness
of just over 4 km. The base of the basin is defined by a thick
volcanic tuff horizon, the “Dej tuff” which overlies an uncon-
formity of regional importance (Ciupagea et al., 1970) (see
Fig. 3). This paper is mainly concerned with the Post Dej
tuff history of the basin.
The Transylvanian molasse basin is underlain by sedi-
ments referred to as “pre-Dej tuff sediments” (or often re-
ferred as “pre-salt”). These sediments were deposited from
Late Cretaceous to Mid Miocene and are characterised by
strong lateral and vertical stratigraphic variations (Fig. 3), in-
dicating that deposition of these sediments occurred in differ-
ent tectogenetic environments of alternatively local and re-
gional importance (Nagymarosi and Baldi-Beke, 1993; Ciu-
pagea et al., 1970; Huismans et al., 1997; De Broucker et al.,
1998). The pre-Dej tuff deposits in turn are separated by an
unconformity from underlying intensely deformed Mesozoic
sediments and crystalline rocks referred to as “folded base-
ment” (Ciupagea et al., 1970; Fig. 3).
The basin is underlain by the intra Carpathian litho-
sphere which, in Romania, is at present formed by a semi
autonomous block which I refer to as the “Transylvanian
block”. The autonomy of the Transylvanian block within the
intra Carpathian realm is based on geophysical and morpho-
logical properties. The most obvious feature of the Tran-
sylvanian block is its general high mean elevation compared
to surrounding areas. The mean elevation of the Pannon-
ian basin for example is close to sealevel, whereas the low-
est mean elevation of the Transylvanian block is around
400 m. The boundary between the high elevated Transylva-
nian block and the low Pannonian region is formed by the
Apuseni mountains. It coincides with a decrease in crustal
and lithosphere thickness (respectively from 35 km to 25 km
and from 120 to 60 km) and an increase in the surface heat
flow from 40 mW/m2 in the centre of the Transylvanian basin
to more then 100 mW/m2 in the centre of the Pannonian
basin. (Pospisil and Vass, 1984; Horvath, 1993; Do¨venyi
and Horvath, 1988; Babuska and Plomerova, 1988; Veli-
ciu, 1987). These properties strongly suggest that, based on
the above described observations, the Transylvanian block
can be considered as a relative competent lithospheric block
(Lankreyer et al., 1997) within the weak intra Carpathian
realm (Lankreyer et al., 1997; Lankreyer, 1998; Sachsen-
hofer et al., 1996). Based on the thermal and tectonical his-
tory as depicted in Sanders et al. (1999b), and Sanders (1998)
it is most likely that the present day situation is represen-
tative for the Neogene period. The Transylvanian molasse
basin thus formed on top of a cool and moderately thick litho-
sphere.
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Fig. 2. Three step evolution of the East Carpathians during the Neogene (after Sanders et al., 1999): (A) (25–15 Ma) active but non
eroding wedge; (B) (15–5 Ma) Underthrusting of the European continental foreland initiates structural reorganisation and uplift of the wedge.
Constructive wedge is under influence of erosion and thrusted over the foreland basins which are coevally subsiding; (C) destructive inactive
wedge; general isostatic uplift of the region (note sea level marker). Dark and light gray areas are allochtonous and European lithosphere
plates, respectively; black areas are oceanic lithosphere. Close stippled areas are (doubly vergent) wedge; stippled areas (M) are foreland
molasse basins.
Fig. 3. Profiles showing the Transylvanian molasse basin and its substratum (after Ciupagea et al., 1970). For location see Fig. 5.
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Fig. 4. Schematic representation of the Transylvanian basin deposits. E.Bd; L.Bd; Sm; Pn; Pl; and Q denote Early and Late Badenian,
Sarmatian, Pannonian, Pliocene and Quaternary respectively. Column: grey = tuff layers; black = salt; stippled = molasse; vertical scalebar
in segments of 500 m. Mean deposition rates are in m/Ma (After Cranganu and Deming, 1996).
2.1 The Neogene molasse basin
The Early Badenian (17–15 Ma) rhyolitic Dej tuff is overlain
by a salt layer of typical 300 m thick (Cranganu and Deming,
1996), intercalated with basal clastic conglomerates (Ciu-
pagea et al., 1970) and overlain by a uniform series of mainly
siliciclastic molasse sediments (Fig. 4). The molasse sedi-
ments are made up of immature lithic sand, conglomerate,
clay and marl. The coarser and badly sorted deposits gener-
ally occur at the rim of the basin while the fine grained sed-
iments prevail in the centre of the basin (Marunteanu, 1998;
Marinescu et al., 1994). The entire series of molasse sed-
iments is intercalated with volcanic tuff layers of predomi-
nantly andesitic signature (Ciupagea et al., 1970). Sedimen-
tation of the Miocene molasse took place in a deep to shallow
marine environment during the Badenian and Sarmatian but
was gradually changing to shallow brackish conditions dur-
ing the Pannonian (Ciupagea et al., 1970; Dercourt et al.,
1986; Steininger et al., 1988; Marunteanu, 1998).
Badenian (17–13 Ma) deposits are on average 400 m thick
but reach maximum thickness of 1500 m especially in the
centre of the basin (Stefanescu, 1985; Cranganu and Deming,
1996). During the Late Badenian sedimentation rates drasti-
cally increase from approximately 100 m/Ma to 500 m/Ma
(Cranganu and Deming, 1996).
On top of the Badenian deposits lies a concordant series
of thick mostly undisturbed Sarmatian (13–11 Ma) molasse
sediments that are on average 600 m thick but locally reach
thicknesses up to 1500 m. They are deposited in a relatively
short time period and mark a period of high subsidence and
sedimentation rates (350 m/Ma). Deposition of molasse sed-
iments continues in the Pannonian (11–5 Ma) at lower rates
(approximately 100 m/Ma), locally interrupted by an uncon-
formity between the Sarmatian and Pannonian deposits. Pan-
nonian deposits are typically 500 m thick.
Since the Pontian (7–5 Ma), no basin deposits are pre-
served and the basin was presumably under the influence
of erosion until the present day (Marunteaunu, 1998; San-
dulescu, 1988). Today the sediments reach an average eleva-
tion of 400 m above sealevel throughout the basin. The strata
are gently tilted towards the centre of the basin but strongly
tilted at the extreme rim where they reach peak elevations
up to 800 m. In the north tilting is less extreme and occurs
on a more regional scale. Here, no Pannonian sediments are
present (Sandulescu et al., 1978), either due to non deposi-
tion or more likely due to Pliocene erosion.
3 Relations between mountains and basin
The Transylvanian basin is presently at all sides surrounded
by mountainous regions. Ciupagea et al. (1970) and Sand-
ulescu (1988) have proposed that the present day configura-
tion originates from the Miocene and was responsible for the
restricted marine environment in which the sediments were
deposited (Marinescu et al., 1981).
Apatite fission track studies (Sanders, 1998; Sanders et
al., 1999, 1999b; Andriessen, 1995) supports this hypothe-
sis. It suggests that the configuration was well established
during the Late Badenian-Sarmatian (15–11 Ma) due to the
creation of a topgraphically high Carpathian mountain range
and Apuseni mountains. Early Badenian molasse deposits
are presently found at high altitudes in the mountainous re-
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gions (e.g. Codarcea et al., 1968; Gh. Popescu, pers. comm.,
1997) indicating that the areal extend of the Early Badenian
basin was larger than the present day outline of the Transyl-
vanian basin. It also indicates that substantial vertical move-
ments (>1000 m) must have taken place after the Early Bade-
nian. Evidence for pre Late Badenian mountain ranges could
not be supported by Apatite Fission Track Thermochronol-
ogy (AFTT). In this paper it will be suggested that strong re-
lationships exist between the mountain ranges and the basin
forming an integrated and causally related system:
i) The eroding mountains provide the clastic material
deposited as molasse sediments in the basin (e.g.
Schlunegger et al., 1997). The load of the deposited
sediments enhances the subsidence of the basin floor,
creating extra accomodation space.
ii) The mountain ranges form barriers for sediment and wa-
ter exchange with neighbouring basins. The Miocene
uplift of the Carpathian orocline for example blocked
the seaway between the Central and Eastern Paratethys.
The Apuseni mountains, on the other hand, formed a
threshold for sediment transport to or from the Pannon-
ian basin. Sediments deposited in the Transylvanian
basin thus remained in place and could not easily be
transported over large distances to neighbouring basins.
Paleontological arguments support the idea of limited
exchange of water especially with the warm waters of
the Eastern Paratethys and the Tethys to the south and
east (e.g. Marinescu et al., 1994).
iii) The topographic load of a growing mountain suppresses
the lithosphere plate on which it rests. Due to the elastic
strength of lithosphere plates this creates tectonic subsi-
dence and accommodation space for sediment deposits
in front of a mountain belt (termed “foredeep”) (e.g.
Beaumont, 1981; Zoetemeyer, 1993). The same prin-
ciple is applicable to the retro-foreland plate in the case
of doubly vergent orogenic wedges (e.g. Johnson and
Beaumont, 1995; Willet et al., 1993; Jordan, 1995).
Data presented by Sanders et al. (1999) and Sanders
(1998) suggest that the East and South Carpathians are in-
deed doubly vergent orogenic wedges where a significant
part of the orogen is thrust over the retro foreland (Tran-
sylvanian block). Moreover, AFTT data suggest that the to-
pographic load of these orogens drastically increased during
the Late Badenian-Sarmatian. Thus in time the uplift and
erosion of the mountain ranges closely correspond to rapid
subsidence and accelerated sedimentation rates in the Tran-
sylvanian molasse basin. This view is supported by sedi-
mentological lithofacies evidence and sediment transport di-
rections (Marunteanu, 1998; Marinescu et al., 1994). Finally
palynological analysis on Miocene basin sediments indicate
an explosive growth of high altitude vegetation during the
Sarmatian confirming the creation of high topography in the
surrounding mountain ranges (Marinescu et al., 1994).
4 Structural control on basin development
The structural control on the evolution of the Transylvanian
basin has been poorly-defined until new insights came from
paleo stress measurements (Huismans et al., 1997, 2002)
and new seismic data (Ciulavu, 1999, and De Broucker et
al., 1998). From a tectonic point of view the Transylvanian
basin forms the transition zone between the compressional
Carpathian orogen in the east and south and the extensional
Pannonian basin in the west. The compressional and exten-
sional regimes in these regions were simultaneously active
during the Mid- and Late Miocene (Horvath, 1993; Csontos,
1995; Royden, 1988, Huismans et al., 2001).
Based on measurements on large scale structures and pa-
leostress analysis (Huismans et al., 1997, 2002; Ciulavu and
Bertotti, 1994; Gyorfi and Csontos, 1994) two distinct tec-
tonic regimes are distinguished in the evolution of the Tran-
sylvanian basin. An early extensional phase is recognised in
Badenian sediments, and a late compressional phase in the
Sarmatian and younger sediments.
Small scale structures indicate roughly east-west exten-
sion throughout the Transylvanian region during the Bade-
nian. Note that, unlike the Pannonian basin, large scale ex-
tensional structures have never been observed. In time the
extensional phase of the Pannonian basin and the Transylva-
nian basin coincide well however, both starting in the Early
Badenian (Csontos, 1995; Tari et al., 1992; Huismans; 1999;
Gh. Popescu, pers. comm., 1997).
In Badenian and younger sediments extensional structures
are overprinted by younger compressional structures also oc-
curring in the Sarmatian and to a minor extend in the Pannon-
ian molasse deposits. The often large scale compressional
structures indicate a regional east-west compression (Huis-
mans et al., 1997) and are most intense at the eastern and
western rim of the Transylvanian basin where the strata are
tilted, folded and fractured. Offsets along reverse- and thrust-
faults is observed to be several meters in outcrops. On seis-
mic sections an off-set of up to 1 km is observed in the eastern
part of the Transylvanian basin (De Broucker, pers. comm.;
Ciulavu, 1999). In the same area a series of west vergent
thrusts is recognised. The orientation of salt domes is consis-
tent with E-W compression. The onset of the compressional
regime is most likely Late Badenian-Sarmatian (15–11 Ma)
(Sanders et al., 1999). A third phase from Pliocene to Qua-
ternary (5–0 Ma) marks the epeirogenetic uplift and erosion
of the basin.
5 Mass balance
The restricted nature of the Transylvanian basin allows us
to define a closed system for the erosion-deposition cycle.
Based on the AFTT data (Sanders et al., 1999; Sanders,
1998), a mass balance can be calculated between the mate-
rial eroded from the mountains on one hand and the material
deposited in the basin reservoir on the other. If no material
has been lost or gained the two sides of the mass balance
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Fig. 5. Simplified map showing iso-erosion lines (in meters) based on AFTT (Sanders et al., 1999; Sanders, 1998). Dashed lines indicate
poor control. Black dots are locations of AFTT samples. G and H are labelled profile lines of Fig. 3. Thick black line indicates main drainage
divide.
should yield equal amounts. As a first approach we will cal-
culate a volume balance for the period from Early Badenian
to recent (17–0 Ma) covering the entire deposition and ero-
sion history of the basin and mountains respectively. It will
afterwards be modified for the period for which we can define
a closed erosion-deposition system (15–5 Ma) and is conse-
quently converted to a mass balance. After weathering and
erosion material was transported from the mountains to depo-
sitional reservoirs by transport media, mostly river systems.
The main drainage divide of a mountain range therefore pri-
marily determines whether eroded material is transported to
the foreland- or to the retro-foreland basin (Fig. 5).
The total volume of the molasse sediments of the Tran-
sylvanian basin is estimated using a digitising computer pro-
gram. The isopachs of the Badenian Dej tuff are modified
after Mahel (1973) and mark the base of the basin volume.
The present day topographic crests of the basin deposits is
taken as the top of the basin volume. The total volume cal-
culated for the Transylvanian basin amounts to 45×103 km3.
The same technique is used to calculate the volume of
the material eroded from the mountains using the interpo-
lated “isopach” lines of removed overburden (Fig. 5) as de-
rived from AFTT (Sanders et al., 1999; Sanders, 1998). For
the mass balance we only consider the volume eroded from
the flank of the mountain range that faces the Transylvanian
basin, since this material is transported to the Transylvanian
basin (Fig. 5). Furthermore the rim of the basin is taken to
be a constant non erosion-non deposition interface. The total
volume (V) of material eroded from the mountains is then
calculated to be 43×103 km3. Assuming uniform densities
(r) of 2.3 g/cm3 for both eroded and deposited material and
using the following equation:
V r = m (1)
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reveals the mass (m) of the basin sediments to be
104×1015 kg and the mass of the eroded material in the
mountains to be 99×1015 kg. Uniform densities are assumed
because it is unknown what lithology the eroded material
was made of. However, a closed system can only be defined
from Late Badenian to Pliocene (15–5 Ma). Any material de-
posited before and eroded after this period cannot be incorpo-
rated in the mass balance calculation and must be corrected
for.
i) Early Badenian (17–15 Ma) sediments have been de-
posited over a larger area then the present day out-
line of the basin and the provenance of these sediments
is unknown. According to AFTT the Carpathian and
Apuseni mountains were not eroding (Sanders et al.,
1999; Sanders, 1998) during this period. The sediment
volume (a uniform layer of approximately 500 m thick
(Cranganu and Deming, 1996) is extracted from the to-
tal basin volume.
ii) From the Pliocene to recent the basin presumably did
not store erosion products shed from the orogens. The
material eroded in the orogens during the Pliocene was
deposited elsewhere and must be considered as a nett
loss of mass and subtracted from the balance on the
“orogen side”. Pliocene to recent erosion in the East
Carpathians is estimated to be 1.5 (±1) km over the
core of the orogen (Sanders et al., 1999) which equals
to approximately 25% of the total erosion. A similar
Pliocene erosion component of 25% is assumed for the
Apuseni mountains and the South Carpathians (1 km of
erosion).
Material eroded in the south western Bend Zone of the
East Carpathians is not incorporated in the mass balance
since erosion took predominantly place in the period from
Pliocene-recent (5–0 Ma) (Sanders et al., 1999). The total
mass eroded from the mountains during the period from Late
Badenian to Pliocene (15–5 Ma) is finally determined at 75
1015 kg.
The Transylvanian basin itself was also subject to erosion
during the Pliocene and Quaternary. AFTT on drill holes,
sonic analysis (De Broucker, pers. communication) and un-
consolidated Pannonian sediments indicate no more then a
few hundred meters of erosion. A uniform amount of ero-
sion of the basin sediments is estimated at 0.5 km and must
be added to the mass of the basin. This material namely rep-
resents erosion products from the mountains that were orig-
inally deposited in the basin during the Pannonian. Finally
the tuffaceous layers that are intercalated between the clas-
tic molasse deposits form a volume of material that has no
origin in mountain erosion and must be regarded as foreign
material. Tuffaceous material is estimated to be 10% of the
total basin mass (Ciupagea et al., 1970).
Taking all modifications for a closed erosion-deposition
system into account the total mass of the basin sediments
amounts to 93×1015 kg which closely corresponds to the
75×1015 kg of mass eroded from the mountains from Late
Fig. 6. Effect of wedge growth on regional vertical movements
(After Sanders, 1998). Dark and light grey are respectively al-
lochtonous and European lithosphere plates “floating” on astheno-
sphere. Stippled (M) are foreland molasse basins. Grey arrows
illustrate erosion transport. Black and white arrows are down-
ward and upward movement of lithosphere plates due to isostacy.
(A) shows constructive wedge causing strong differential vertical
movements in the region. General isostatic subsidence is indicated
by sea level marker. (B) shows destructive state wedge causing gen-
eral isostatic uplift of the region (note sea level marker). Stippled
wedge surface is at t1, continuous wedge surface at t2.
Badenian to Pliocene. The mass balance can only be used in
a first order approximation since its precision relies mostly
on the estimated paleo-geothermal gradient, which is rela-
tively well defined in this case (20◦C/km) (Sanders et al.,
1999). On the other hand, when the mass balance fits and
is well defined by geological information, as is the case for
the Transylvanian basin, it forms a good control whether the
erosion estimates based on thermo-chronological techniques
are realistic.
6 Tectonic concept and numerical simulation
A mechanical relationship between the evolution of the East
Carpathian orogen and the subsidence of the Transylvanian
basin was suggested in a qualitative way by Sanders et al.
(1999) and in more general terms by Peper et al. (1995). The
partial thrusting of the Carpathian orogenic wedge over the
Transylvanian block has a predictable influence on the ver-
tical movements in the retro foreland (see Fig. 6). The con-
cept will be numerically tested for its physical probability
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Fig. 7. Cartoon illustrating tectonic concept for the numerical modelling exercise of the Transylvanian basin subsidence. See text for
explanation. Large (black) arrows indicate load. Small curved arrows indicate mass transport. Small straight arrows indicate compressional-
or extensional regime. White is lithospheric crust, dark grey lithospheric mantle and light grey asthenosphere. Numbers indicate density of
material (g/cm3)
in a simplified form using a three dimensional isostatic and
flexural model.
Figure 7 shows the simplified conceptual model (in 2-
D) used for the calculations. The Transylvanian lithosphere
is represented by a horizontal plate. A significant part of
the mass of the orogenic wedges of the East and South
Carpathians is thrusted over the Transylvanian lithosphere.
The weight of the mountains suppresses the lithosphere plate
creating a retro-foredeep (the Transylvanian basin). The sub-
sidence of the foredeep is enhanced by the infill with erosion
material derived from the orogens. No mass is lost due to ero-
sional processes but only redistributed over short distances
from the mountains to the basin.
The tectonic role of the Apuseni mountains on the other
hand is ambiguous during the Miocene. It remains un-
clear whether the uplift of the Apuseni mountains during
the Neogene is related to compressional thickening (like the
Carpathians) or to block (flank) uplift under influence of the
extensional regime in the Pannonian basin (e.g. Huismans et
al., 1998). Compressional thickening of the Apuseni moun-
tains is probably accompanied by thrusting over the Transyl-
vanian basin. Arguments are the tilting, folding and thrusting
of basin sediments on the border with the Apuseni mountains
(see also Huismans et al., 1997, 2002). This concept was
already suggested by Pauca (in Ciupagea et al., 1970) and
would create a load on the Transylvanian plate in the west.
Alternatively, the uplift of the Apuseni mountains might
be due to extensional tectonics in the Pannonian basin with a
flank uplift as the main process for the creation of the moun-
tainous topography (Sanders, 1998). Flank uplift does not
create a load on the Transylvanian plate since the uplift is
due to an isostatic-flexural response (e.g. Van der Beek et al.,
1994). The two alternatives (“compressional scenario” and
“flank uplift scenario”) are tested in the numerical simula-
tion model (see below). A combination of both processes is
obviously possible in reality (Huismans et al., 2001, 2002).
We explicitly only consider the influence of tectonic load-
ing processes and mass fluxes caused by surface processes
on an elastic uniform lithosphere which floats isostatically
on viscous asthenosphere. All other processes that might
lead to vertical movements are assumed constant. The exer-
cise explicitly answers the question to what extend the Tran-
sylvanian basin can be considered as a retro-foreland basin
(e.g. DeCelles and Giles, 1996; Jordan, 1995; Cobbold et al.,
1993). For detailed information on the model specifications
one is referred toVan Wees et al. (1996).
The Transylvanian plate is in the simulation represented
by a uniform horizontal lithosphere plate (Fig. 7) with an
effective elastic thickness (EET) of 20 km, which fits the
present day geophysical data (Lankreyer et al., 1997). The
top of the plate is at sealevel. A moderately thick crust of
35 km thick and a total lithosphere thickness of 120 km is
used in the simulation based on data presented by Do¨venyi
and Horvath (1988) and Babuska and Plomerova (1987).
The density of the model crust and mantle are 2.8 g/cm3
and 3.3 g/cm3 respectively. The outline of the Transylva-
nian lithosphere plate is relatively well defined in three di-
mensions (Fig. 1). The western border is mainly constrained
by geophysical- and structural arguments and the topography
(Sanders, 1998) suggesting an extensional boundary west of
the Apuseni Mountains. Its southern and eastern plate mar-
gin are defined by the subduction zone under the Carpathi-
ans and are taken from published geological sections (Ste-
fanescu, 1985). In the north the plate margin is taken to co-
incide with the Dargos¸-Voda fault which is a large strike slip
fault. All plate boundaries are assumed weak (e.g. Matenco
et al., 1998; Lankreyer et al., 1997). As a very simplified
approach the Transylvanian plate can be viewed as a loosely
floating elastic plate, loaded at its rims with mountains and
filled in the centre with sediments (Fig. 7).
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Fig. 8. Result of numerical simulation for the loading phase (15–5 Ma) (see text). Upper panels give plan view: outline figure signifies
Transylvanian plate; grey scale indicates subsidence of basin floor with respect to starting configuration; hatched represents mountain ranges.
Lower panels show east-west cross section along the centre of the plate. Dark grey is basin floor; stippled are molasse sediments. Left panels
show result without load of Apuseni mountains; right panels with Apuseni mountains of 2000 m high.
6.1 Phase I: Tectonic loading (15–5 Ma)
The first run simulates the growth of the orogen (constructive
state) and the filling of the Transylvanian basin with molasse
sediments during the Late Badenian-Pannonian (15–5 Ma).
The horizontal lithosphere plate is instantaneously loaded
with the orogens until the mountains reach a pre-defined
elevation. For the East and South Carpathians a maximal
mean elevation of 2500 m a.s.l. is taken (see discussion).
The thus created retro-foredeep is filled with sediments to
sealevel. Both orogen and sediments have a uniform density
of 2.3 g/cm3 in the model (Fig. 7).
Figure 8a illustrates the basement subsidence that is pre-
dicted when the topographic load of the Apuseni mountains
is ignored (flank uplift scenario). The basin has a marked
asymmetric form deepening to the Carpathians. In Fig. 8b,
the load of the Apuseni mountains is incorporated (compres-
sional scenario) using a maximum elevation of 2000 m a.s.l.
Most subsidence occurs in the direct vicinity of the mountain
loads and a bowl shaped basin forms with a flexural bulge in
the centre. In both scenarios basement subsidence approx-
imates 2 km due to the combined load of orogen and sed-
iments. The magnitude of model B subsidence is in fairly
good agreement with observations. Syn-compressional Late
Badenian to Pannonian deposits are typically 1500–2500 m
thick (Cranganu and Deming, 1996).
6.2 Phase II: Erosional unloading (5–0 Ma)
In the Pliocene the basin no longer subsides presumably be-
cause the orogen was in a destructive state (Sanders et al.,
1999). Erosion continued and mass was transported out of
the area causing regional isostatic uplift. The Pliocene ero-
sional unloading period is modelled by taking the final result
of Fig. 8b as starting configuration. The maximum elevation
of the mountains is fixed at 1000 m. The maximum basin
surface elevation is set at 300 m and the extra space is filled
with sediments (Fig. 9a). This simulates the present day sit-
uation which is assumed to be an isostatic equilibrium con-
figuration. The model then calculates the coinciding depth of
the basement level for the fixed conditions. The results are
depicted in Fig. 9a. The contours in the plan view are the
amount of erosion predicted to achieve the isostatic equilib-
rium configuration. Most isostatic rebound takes place in the
mountains which results in upwarping of the strata along the
basin rim. As a result the initial dome in the centre of the
basin (Figs. 8b and 9a) is more or less annihilated.
The amounts of Pliocene erosion predicted by the model
are close to the erosion estimates that were independently
constrained by AFTT (Sanders et al., 1999; Sanders, 1998).
In Fig. 9b the same boundary conditions are applied with the
exception that the basin surface elevation was set at an alti-
tude of 500 m. Figure 9b shows that for this configuration no
erosion is predicted in the centre of the basin but subsidence
instead, illustrating the impossibility of this scenario. The
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Fig. 9. Result of numerical simulation of erosional unloading phase (5–0 Ma). Left panels with Transylvanian basin surface at 300 m
elevation, right panels at 500 m. Grey scale indicates amount of erosion predicted in the basin; white the amount of erosion predicted in the
mountainous areas. Lower panels show the final basin and mountain configuration.
created topographic load of the basin itself is too high and
subsidence of the basement level is predicted. In other words
the basin has to increase in thickness to achieve the fixed el-
evation of 500 m above sealevel. The two simulation runs
show that the isostatic basin surface uplift reaches a ceiling
between 300 and 500 m altitude under the defined conditions.
At present the Transylvanian basin has a mean surface el-
evation of approximately 400 m. Post tectonic erosion of the
mountains and the basin are therefore well capable to create
most of the observed surface uplift of the Transylvanian basin
during the Pliocene and Quaternary. Also the gently basin-
ward tilted strata along the rim of the basin can be explained
by the Pliocene isostatic rebound.
7 Discussion
The above described compressional loading (Phase I,
model B) and erosional unloading scenario from Late
Badenian-recent (15–0 Ma) is a likely mechanism to explain
most of the subsidence and uplift history of the Transylva-
nian basin. For Phase I, we prefer the compressional loading
scenario. This agrees well with the first order geometry of
Neogene sediments in the Transylvanian basin, and with the
observed contractional loading structures on the western side
of the basin bordering with the Apuseni Mts. (e.g. Huismans
et al., 2002). For Phase II, the models suggest that most ero-
sional unloading occurred in the mountain ranges surround-
ing the Transylvanian basin. The magnitude of uplift and
subsidence are within realistic limits and are in agreement
with the amounts of erosion observed with AFTT. The pro-
posed scenario fits the structural, sedimentological- and geo-
physical observations and is considered a valid hypothesis for
the tectonic origin of the Transylvanian basin. The concept
is most applicable for the Eastern and Southern parts of the
basin since the tectonic history of the surrounding mountains
is best constrained here.
Two obvious factors like the compaction of sediments (in-
cluding the basin substratum) and the initial basin geometry
(e.g. Dercourt et al., 1986; Marunteanu, 1997) may enhance
the subsidence of the basin in reality. No data are available on
these parameters but they most likely result in extra accom-
modation space for sediment deposits resulting in potentially
higher subsidence values compared to the modelled results.
The modelled subsidence values are therefore minimum es-
timates.
The paleo elevation of the Carpathian mountains is un-
known. The numerical simulation in combination with the
AFTT data shows that a 2500 m high paleo elevation is a real-
istic estimate. If one compensates for lithology densities the
real average paleo elevation was probably just over 2000 m
a.s.l.
The sealevel has been assumed constant for simplicity rea-
sons. In reality global fluctuations in the order of 150 m are
reported during the Neogene (Haq et al., 1987). The verti-
cal movements due to tectonic forces during the Badenian-
Sarmatian and the Pliocene are of a much greater magnitude
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than the eustatic sealevel changes which makes the assump-
tion valid.
Other basin forming mechanisms like extension and back-
arc spreading require predominantly extensional structures
and high thermal heatflows due to a thinning lithosphere,
which has not been observed in the Transylvanian basin.
Also a thermal relaxation (“thermal sag basin”) following
an initial extensional period is unlikely because it does not
fit with the observed thermal and depositional regime. Post-
extension deposits are on average three times as thick as syn-
extensional deposits which is unrealistic for thermal subsi-
dence.
Mitrovica et al. (1989) and Gurnis (1992) have suggested
an alternative mechanism for basin development on the retro
foreland plate. According to their calculations a subducting
plate can create disturbances in asthenospheric mantle con-
vection sufficient to initiate subsidence in the overlying litho-
sphere plate in the order of several km. The basin dimensions
they predict are in general agreement with those of the Tran-
sylvanian basin. Moreover uplift is predicted after cessation
of the subduction process. It is a possible alternative to ex-
plain the evolution of the Transylvanian basin but a scenario
that is not easily testable in a natural setting.
As with all basins, subsidence need not be explained by a
single mechanism. In reality several mechanisms attribute to
the total subsidence of a basin with one or two mechanisms
dominating. The previous described and modelled compres-
sional mechanism is a likely candidate to dominate the sub-
sidence and uplift history of the Transylvanian basin. The
proposed model fits very well with the structural analysis,
the regional low thermal heat regime and the tectonic and
erosion history of the mountain ranges. Moreover, it can ex-
plain the enigmatic present day high surface elevation of the
basin.
8 Conclusions
The evolution of the Neogene Transylvanian basin is closely
related to the evolution of its surrounding mountain belts.
Following a phase of extension in the Early Badenian, the
basin rapidly subsided under a compressional regime due to
the loading of the growing mountain belts and the infill of
molasse sediments. From the Pliocene onwards the moun-
tains were in a destructive state and were gradually abrased
by erosion. The basin filled up with sediments and was even-
tually exposed to erosion, leading to a nett mass loss in the
region. As a result the basin was subsequently uplifted to
400 m above sealevel during the Pliocene due to isostatic and
flexural rebound.
A mass balance showed that most material eroded from
the internal flanks of the mountain ranges during the Late
Badenian-Pannonian is preserved in the Transylvanian basin
confirming the restricted nature of the basin. Under these
conditions a mass balance is a useful tool to check if the ero-
sion history as assessed by thermochronological data is based
on realistic assumptions (for example the choice of the paleo-
geotherm). In the case of the Transylvanian basin the mass
balance fits quite well and confirms the erosion and tectonic
history described here.
The numerical model simulates the magnitude of vertical
motions that can be expected due to loading and unloading
processes. It illustrates the influence of surface processes on
the tectonic relation between the retro foreland basin and the
mountains. On a large scale it constrains the regional geo-
morphological evolution of the area through time.
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